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Nucleotide (nt) sequence polymorphism within a collection of Wheat streak mosaic virus (WSMV) isolates was examined. An
1267-nt region encompassing the coat protein (CP) cistron and flanking sequences was amplified by reverse transcription–
polymerase chain reaction (RT-PCR) for each of 49 isolates not previously sequenced. Consensus sequences were compiled for
each isolate based on sequences derived from three clones per RT-PCR product. Among 59 consensus sequences examined, only
two were identical. Clades A–C contained divergent isolates from Mexico (Clade A); the Czech Republic, Hungary, and Russia
(Clade B); and Iran (Clade C). Fifty-four closely related consensus sequences of isolates from the U.S. (51 sequences), Canada (1
sequence), and Turkey (2 sequences) comprised Clade D. Pair-wise nt divergence between two of the most distantly related
sequences (Sidney 81 of Clade D and El Bata´n 3 of Clade A) was 20%, representing over half of the variable sites (34.1%) in the
entire WSMV data set. Maximum pairwise nt divergence within Clade D was 3.6%, yet the proportion of all variable sites within
Clade D (21.4%) was similar to that of the Sidney 81–El Bata´n 3 pair. Patterns of polymorphism within Clade D and the Sidney 81-El
Bata´n 3 pair were remarkably similar with respect to synonymous, nonsynonymous, and noncoding substitutions, as were the
proportions of substitutions as a function of nt position within codons. The majority of substitutions within Clade D were
synonymous and randomly distributed throughout the coding region examined, whereas nonsynonymous substitutions exhibited
a clumped distribution and mostly occurred within the 5-proximal portion of the CP cistron. Because over half of the polymorphic
sites within Clade D were of allele size class 1, the isolates appear to be evolving independently and in a nondeterministic manner,
within the constraints of selection. These results indicate that Clade D has undergone substantial and, most likely, recent
divergence with the majority of consensus sequence substitutions potentially neutral with respect to fitness. An estimate ofINTRODUCTION
Wheat streak mosaic virus (WSMV) is the type species
of the genus Tritimovirus within the family Potyviridae
(Stenger et al., 1998) and is common in most major
wheat-growing regions of the world (Brakke, 1971). Al-
though transmitted by an eriophyid mite (Slykhuis, 1955),
the genome organization of WSMV resembles that of
aphid-transmitted species of the genus Potyvirus. The
9384-nucleotide (nt) WSMV RNA is translated as a
single polyprotein that is processed by three viral pro-
teinases (Choi et al., 2000a,b, 2002).
Polymorphism within WSMV exists at all levels of pop-
ulation structure. While a WSMV isolate may be defined
by a consensus sequence, multiple and very closely
related genotypic variants are resident within a single
isolate (Hall et al., 2001b). Field populations of WSMV
consist of numerous genotypes distinguishable by re-
striction fragment length polymorphism (RFLP) analysis
1 To whom correspondence and reprint requests should be ad-(McNeil et al., 1996). Divergent strains of WSMV have
been recovered from spatially separated populations in
the United States (U.S.), Mexico, and Eurasia (Brakke,
1958, 1971; Brakke et al., 1990; Chenault et al., 1996; Choi
et al., 2001; McKinney, 1937, 1956; McNeil et al., 1996;
Rabenstein et al., 2002; Sa´nchez-Sa´nchez et al., 2001),
suggesting that geographic isolation of allopatric popu-
lations fosters divergence.
Mixed infections are the usual outcome when isolates
of WSMV are simultaneously coinoculated to wheat in
the laboratory (Hall et al., 2001a), but are relatively un-
common (2%) in the field (McNeil et al., 1996). This
paucity of natural mixed infections is likely due to the
combined effects of genetic isolating mechanisms in-
cluding cross-protection, population subdivision within
coinfected plants, and vector transmission bottlenecks
(Hall et al., 2001a). Genetic isolation at this level is
conducive to genetic drift, which may account for most
changes in consensus sequence observed when viral
lineages derived from a common source were estab-
lished and subjected to serial passage (Hall et al.,
2001b).evolution rate suggests that the present diversity within the U
to the establishment of wheat monoculture in the Great Plain
dressed at USDA-ARS 344 Keim Hall, University of Nebraska, Lincoln,
NE 68583. Fax: 402-472-4020. E-mail: dstenger@unlnotes.unl.edu.
doi:10.1006/viro.2001.1569
0042-6822/02 $35.00ulation arose in about a century, a timeframe corresponding
002 Elsevier Science (USA)
Quantitative analysis of plant virus populations has.S. pop
s. © 2Virology 302, 58–70 (2002)
© 2002 Elsevier Science (USA)
All rights reserved.
58
been addressed only recently, and there are few suitable
data sets available. The prevailing notion is that plant
virus population diversity is small with genetic stability
the rule (Garcı´a-Arenal et al., 2001). Nonetheless, varia-
tion among isolates of plant viruses is well documented
(Albiach-Martı´ et al., 2000; Aleman-Verdaguer et al., 1997;
Choi et al., 2001; Keese and Gibbs, 1993; Kong et al.,
2000; Kurath et al., 1990, 1992, 1993; McNeil et al., 1996;
Naraghi-Arani et al., 2001; Rabenstein et al., 2002; Rod-
rı´quez-Cerezo et al., 1991; Rodrı´quez-Cerezo and Garcı´a-
Arenal, 1989; Roossinck et al., 1999; Rubio et al., 2001;
Skotnicki et al., 1992, 1993, 1996; Stavalone et al., 1998;
van Vloten-Doting and Bol, 1988). In the case of WSMV,
we hypothesized that a regional population would be
composed of lineages derived from a common founding
event, but that population growth, genetic mutation, se-
lection, and drift should result in independent exploration
of sequence space. The pattern of divergence will not be
entirely arbitrary, however, because these processes are
expected to leave their imprint. In particular, diversity
measured as the number of nt positions that are variable
in the population sample (i.e., the number of segregating
polymorphic sites and its summary statistic ) (Nei, 1987)
should rebound faster than mean pairwise nt sequence
diversity (summary statistic ) (Nei, 1987) among iso-
lates following a restriction of genetic diversity in a pop-
ulation (Tajima, 1989b). In this article, we test this hypoth-
esis through analysis of sequence polymorphism within
the U.S. population of WSMV.
RESULTS
WSMV isolates may be grouped into clades
All but seven WSMV consensus sequences were 1267
nts in length and could be aligned without the introduc-
tion of gaps to account for insertions or deletions. Of
those sequences  1267 nts, four have been character-
ized previously. The El Bata´n 3 sequence contains a
45-nt gap in the coat protein (CP) cistron corresponding
to Sidney 81 nts 8273–8317 (Choi et al., 2001). The CZ,
HU, and R isolates lack a single glycine codon in the CP
cistron corresponding to Sidney 81 nts 8411–8413 (Ra-
benstein et al., 2002). Among the 50 consensus se-
quences determined in this study, only three (H95S,
MO00, and WO93) required introduction of a three-base
gap to account for a common deletion of a proline codon
in the CP cistron corresponding to Sidney 81 nts 8312–
8314. No WSMV sequences  1267 nts in length were
encountered.
The phylogram presented in Fig. 1 depicts relation-
ships among 59 WSMV consensus sequences. Four
clades (A–D) with high bootstrap support values were
identified. As noted previously (Choi et al., 2001; Raben-
stein et al., 2002), Clade A from Mexico (El Bata´n 3),
Clade B from Europe and Russia (CZ, HU, and R), and
Clade C from Iran (I) are considerably divergent from
Clade D, with  for the entire WSMV data set equal to
0.071/nt. Clade D included all U.S. isolates, one Cana-
dian isolate (IHC), and two Turkish isolates (TK1 and
TK2). The close relationship of Turkish and U.S. isolates
of WSMV has been described and suggests recent
movement between continents (Rabenstein et al., 2002).
Because the MO99 isolate was a mixed infection yield-
ing two consensus sequences (designated MO99A and
MO99B), Clade D was composed of 54 consensus se-
quences derived from 53 isolates. Clade D is a mono-
phyletic group represented in Fig. 1 as a polytomy. This
topology indicates that all WSMV sequences examined
from the U.S. population were derived from a single
common ancestor but that multiple lineages have sub-
sequently diverged in a radial, or independent, fashion.
FIG. 1. Relationship among 59 Wheat streak mosaic virus (WSMV)
sequences corresponding to Sidney 81 nucleotides 8105–9371. A
neighbor-joining phylogram based on 1000 bootstrap replicates is
presented. Branches with 70% bootstrap support are indicated;
branches with 70% bootstrap support have been collapsed to poly-
tomies. Branch lengths correspond to genetic distance as indicated by
the scale bar. Oat necrotic mottle virus isolated from Poa pratensis
(ONMV-Pp) was used as the outgroup to root the phylogram. Brackets
on the right indicate taxa clustered in WSMV Clades A–D, with Clade D
further separated into subclades D1–D4 indicated by different colors.
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For Clade D,   0.047/nt and   0.020/nt (2.0%, 25.5
nts), values essentially identical to that calculated for
field isolates of WSMV based on RFLP data (McNeil et
al., 1996). Pairwise nt sequence diversity within Clade D
ranged from 0.0 to 3.6% (0–46 nts), with three pairs of
isolates (MON96 and S81D, KM93, or CM93) the most
divergent at 3.6%. Of the 59 consensus sequences ex-
amined in this study, KY00 and KY0074 were the only
isolates to yield identical consensus sequences. As
these two isolates were recovered from the same field
during the same growing season, it is probable that they
were derived from a common source and removed from
one another by very few serial passages.
Population structure within Clade D is limited
Although Clade D consists of a largely unstructured
assemblage of closely related taxa forming a polytomy, it
is not completely devoid of structure. Clade D could be
further divided into four subclades, designated D1–D4, in
which three or more taxa shared a common node of
significant bootstrap support (Fig. 1). Subclade D1 in-
cluded three isolates (ID96, MON96, WA99) from the
Pacific Northwest. Pairwise nt diversity within subclade
D1 ranged between 0.9 and 1.7% (11–22 nts) with  
0.014 (1.4%, 17.7 nts). An 870-nt sequence (GenBank Ac-
cession No. AF034415) of another WSMV isolate from
Washington also clustered in the D1 subclade (data not
shown). Subclade D1 isolates were not recovered out-
side the Pacific Northwest, suggesting that geographic
isolation at the western-most boundary of the population
may have some influence on structure within the U.S.
population. Although the D1 subclade may be endemic
to the Pacific Northwest, at least one other Clade D
lineage (ID99) also was present.
Subclade D2 contained six isolates, two of which were
recovered from Kansas (Type and GO93) and one from
Colorado (CO87). PV57 is a known laboratory derivative
(subisolate) of the Type isolate (Brakke, 1971). The ped-
igree of the OSU isolate is unknown; however, the close
relationship between OSU and Type suggests that the
OSU isolate also may be a laboratory subisolate derived
from Type (or PV57). The sixth subclade D2 isolate
(PV106H) may have originated in Ohio, but is of suspect
pedigree (see last subsection of Results). Pairwise nt
diversity within subclade D2 ranged between 0.1 and
0.6% (1–8 nts) with  0.003 (0.3%, 3.8 nts). Subclade D2
isolates reacted with the monoclonal antibody (MAb)
33A-1 (Montana et al., 1996) raised against the OSU
isolate, whereas all other Clade D isolates did not (Fig. 2
and data not shown).
Five isolates from Kansas, Missouri, Kentucky, and
Ohio comprised subclade D3. Pairwise nt diversity within
this subclade ranged between 0.7 and 1.6% (9–20 nts)
with   0.012 (1.2%, 15.1 nts). Three of these isolates
(H95S, MO00, and WO93) lacked a single proline codon
described above. The other two subclade D3 isolates
(CK93 and KY0083SV) retain this codon, as do all other
isolates examined, suggesting that the deletion is likely
a recent event.
Subclade D4 consisted of four consensus sequences
that included Sidney 81, the most thoroughly character-
ized WSMV isolate (Brakke et al., 1990; Choi et al.,1999,
2000a,b, 2001, 2002; Hall et al., 2001a,b; Stenger et al.,
1998). This subclade also included a known subisolate of
Sidney 81 (S81D), an isolate from Kansas (KM93), and
PV91H (of suspect pedigree—see last subsection of
Results). Pairwise nt diversity within subclade D4 ranged
between 0.1 and 0.5% (1–6 nts) with   0.003 (0.3%, 3.8
nts).
Patterns of sequence polymorphism within and
between clades
The low pairwise nt sequence diversity of Clade D
indicates that these isolates share a more recent com-
FIG. 2. Serological discrimination of Wheat streak mosaic virus
(WSMV) subclade D2 isolates. Presented are immunoblots of the coat
protein of WSMV isolates probed with a polyclonal serum raised
against the S81D isolate (A) or the monoclonal antibody MAb 33 A-1
raised against the OSU isolate (B). Mobility and size (in kDa) of protein
standards are indicated on the right. Arrow denotes mobility of full-
length coat protein. Smaller polypeptides represent breakdown prod-
ucts of the coat protein commonly associated with WSMV preparations.
Note that five subclade D2 isolates (PV57, PV106H, OSU, CO87, and
GO93) reacted with MAb 33A-1, whereas three WSMV isolates (H98,
HM93, WO93) from other subclades, or protein extracted from unin-
fected wheat (Healthy), did not.
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mon ancestor than that of the most divergent isolates of
WSMV. For example, Sidney 81 and El Bata´n 3 share only
80% nt sequence identity in the region examined,
whereas the most divergent pairs within Clade D retain
96.4% nt sequence identity (Table 1). Similar values were
obtained for complete genome comparisons between El
Bata´n 3, Sidney 81, Type, TK1, and CZ (Choi et al., 2001;
Rabenstein et al., 2002), indicating that polymorphism
within the 1267-nt region examined in this study closely
correlates with that of the entire WSMV genome.
Despite low pairwise sequence diversity within Clade
D, the proportion of variable sites within Clade D (21.4%)
was similar to that of the Sidney 81–El Bata´n 3 pair (20%)
(Table 1). Within coding regions both Clade D and the
Sidney 81–El Bata´n 3 pair were biased (P 0.001 in both
cases) with respect to the position within codons subject
to substitution. Over two-thirds of the polymorphic sites
observed were at the third nt position (Table 1). Perhaps
not unexpectedly, given the bias for third codon position
substitutions, the proportions of synonymous and non-
synonymous codons within Clade D were nearly the
same as those of the Sidney 81–El Bata´n 3 pair. Similarly,
nearly equal proportions of polymorphic sites were ob-
served (Table 1) in the 3-untranslated region (3-UTR).
Of 272 sites that were variable within Clade D, over
half (150) were due to unique substitutions in which only
one consensus sequence varied for a given site (Table 1;
Fig. 3, nts coded red). Of the remaining 122 polymorphic
sites resident in Clade D, 104 sites shared the same
substitution among all polymorphic taxa, 17 sites yielded
two different nt substitutions, and 1 site bore all three
possible substitutions. Nt sites bearing a unique substi-
tution present in only one consensus sequence (coded
red in Fig. 3) were randomly distributed (P  0.10)
throughout the 1267-nt region examined, as were nt sites
in which more than one consensus sequence exhibited
polymorphism (coded green in Fig. 3, P  0.15). The
distribution of all polymorphic nt sites (both red and
green coded sites in Fig. 3) also was random (P  0.25).
In contrast, the distribution of codons bearing 1 non-
synonymous substitutions (coded gray or yellow in Fig. 3)
within Clade D was not randomly distributed (P  0.002)
across 1134 nts specifying 378 codons (Fig. 3). Instead,
nonsynonymous codons were clumped with 40 of 60
(67%) present within the first 100 codons of the CP
cistron (nts 8189–8488) that represented only slightly
more than a quarter (26.5%) of the codons examined.
Furthermore, all three deletions (corresponding to Sid-
ney 81 nts 8273–8317, 8312–8314, and 8411–8413) en-
countered in the entire WSMV sequence data set also
occurred within this same region. This “hypervariable”
region of the CP cistron constitutes one of the least
conserved regions of the WSMV genome (Choi et al.,
2001; Rabenstein et al., 2002). Codons bearing 1 syn-
onymous substitutions were threefold more common
than codons bearing 1 nonsynonymous substitutions
(Table 1, Fig. 3). While 157 codons contained substitu-
tions resulting exclusively in synonymous codons, an
additional 27 codons (coded yellow in Fig. 3) bearing 1
nonsynonymous substitutions also exhibited 1 synon-
ymous substitutions, such that nearly half (184/378;
48.6%) of the codons within Clade D displayed 1 syn-
onymous substitutions. The distribution of synonymous
codons was random (P  0.48).
Polymorphism within Clade D also was examined with
respect to allele size class (Fig. 4). Polymorphic sites
were assigned to allele size classes based on the num-
ber of sequences in which a specific nt substitution
appears. Because some polymorphic sites had more
than one type of nt substitution, the red and green coded
sites in Fig. 3 do not strictly correspond to allele size
classes of 1 and 1. For example, although all 150
red-colored sites in Fig. 3 are of allele size class 1, an
additional 20 unique substitutions (colored green and
underlined in Fig. 3) at 15 sites bearing more than one
type of substitution also are of allele size class 1. This
allele size class was by far the most abundant in the
TABLE 1
Comparison of Polymorphism within Clade Da and Two Divergent
Isolates (Sidney 81 and El Bata´n 3) of Wheat streak mosaic virus
(WSMV)
Parameter compared Clade D Sidney 81/El Bata´n 3
Maximum % ntb
divergence (pairwise) 3.6% 20%
Total nt sites 1267 (100%) 1222 (100%)c
Invariant nt sites 995 (78.6%) 977 (80%)
Variable nt sites 272 (21.4%) 245 (20%)
Nt sites with substitution
in 1 taxon 150 (11.8%) NAd
Nt sites with substitutions
in 1 taxa 122 (9.6%)e NAd
1st codon position nt
substitutions 34 (2.7%) 38 (3.1%)
2nd codon position nt
substitutions 38 (3.0%) 26 (2.1%)
3rd codon position nt
substitutions 183 (14.4%) 169 (13.8%)
Noncoding sites nt
substitutions 17 (1.3%) 12 (1%)
Codons 378 (100%) 363 (100%)c
Nonsynonymous codons 60 (15.9%) f 50 (13.8%)
Only synonymous codons 157 (41.5%) 146 (40.2%)
Invariant codons 161 (42.6%) 167 (46%)
a Clade D comprised 50 U.S. (51 sequences), 1 Canadian, and 2
Turkish isolates of WSMV.
b Nt, nucleotide.
c El Bata´n 3 has a 45-nt gap relative to Sidney 81 in the coat protein
cistron, resulting in 15 fewer codons.
d NA, not applicable.
e Of these, 17 sites have two different nt substitutions; 1 site has
three different nt substitutions.
f Codons in which 1 sequences yielded a nonsynonymous codon;
27/60 codons in this category also yielded 1 synonymous codons.
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Clade D data set (Fig. 4). These unique substitutions
were distributed throughout Clade D taxa such that each
consensus sequence contained an average of three
unique substitutions, with only 8/54 (15%) lacking 1
unique substitutions. The maximum number of unique
substitutions observed in a single consensus sequence
was 11 in MON96. Nt sites in allele size class 1 were
randomly distributed (P  0.5) throughout the 1267-nt
sequence examined. Shared substitutions (allele size
classes  1) also were randomly distributed (P  0.3)
throughout the genomic region examined.
A comparison of polymorphism among nested clades
of WSMV is presented in Table 2. In this analysis, poly-
morphism was examined in data sets representing in-
creasingly more diverse taxa, such that both the maxi-
mum pairwise divergence and the total number of vari-
able sites increased as more divergent sequences were
included. When all WSMV taxa (clades A, B, C, and D)
were included, the maximum pairwise divergence was
20.6% and the total number of variable sites (34.1%) was
slightly greater than one-third (Table 2). Inclusion of a
single sequence of the related tritimovirus species Oat
necrotic mottle virus isolated from Poa pratensis (ONMV-
Pp, GenBank Accession No. AF454461) (Rabenstein et
al., 2002) increased both maximum pairwise divergence
(28.6%) and total number of variable sites (43.2%).
Gaps resulting from three deletions in seven WSMV
sequences were excluded from the analysis, such that a
deleted nt was treated as missing data rather than as
evidence of polymorphism. The deletions were excluded
from the analysis as otherwise a (presumed) single de-
letion event of 45 nts in the El Bata´n 3 genome would
have been given equivalent weight as 45 independent nt
substitutions. However, we note that deleted nts also
indicate that a site may tolerate polymorphism. If missing
nts had been treated as evidence of polymorphism, both
values for maximum pairwise divergence and total num-
ber of variable sites would be somewhat higher than
reported in Tables 1 and 2.
Examination of the specific nts segregating at each
polymorphic site may provide insight into the nature of
the underlying substitution process. The nt substitution
types for each segregating site were tallied over all
pairwise comparisons within Clade D and between
Clade D taxa and taxa in clades A, B, or C (Table 3). Since
the ancestral state cannot be known with certainty, sub-
stitutions were counted without regard to direction (e.g.,
A 3 G and G 3 A or A 3 U and U 3 A substitutions
FIG. 3. Distribution of polymorphic sites within Wheat streak mosaic virus (WSMV) Clade D [51 U.S. sequences (50 isolates), 1 Canadian sequence,
and 2 Turkish sequences]. Presented is the sequence of the Sidney 81 isolate of WSMV corresponding to nucleotides (nts) 8105–9371. Nts grouped
into triplets represent codons; slashes (/) indicate limits of the coat protein (CP) cistron (nts 8189–9238). Codons upstream of the CP cistron (nts
8105–8188) constitute the 3-proximal sequence of the nuclear inclusion b cistron. Ungrouped sequence (nts 9239–9371) downstream of the CP cistron
are within the 3-untranslated region. Nts in black represent invariant sites. Sites colored red indicate polymorphism is due to a unique substitution
in only one sequence. Sites colored green indicate polymorphism is due to the same substitution occurring in more than one sequence and/or more
than one type of substitution occurred at that position. Underlined sites colored green indicate that one of multiple substitutions was unique to a single
sequence; underlined and shadowed sites colored green indicate that two unique substitutions, each occurring in only one sequence, were present.
Codons in which all substitutions resulted in nonsynonymous changes are shaded gray. Codons in which both synonymous and nonsynonymous
substitutions occurred are shaded yellow. Nts in lower case indicate six sites where the Sidney 81 sequence presented does not match the most
common nt at that position among all Clade D sequences. The proline codon with strikethrough (CCA, nts 8312–8314) was not present in isolates
H95S, MO00, and WO93.
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were grouped together as A7 G or A7 U, respectively).
Transitions were 4.8 times more frequent than transver-
sions among taxa in Clade D while the transition/trans-
version (ts/tv) ratio between Clade D and clades C, B, or
A were 4.9, 3.6, or 1.6, respectively. Thus, bias against
transversions was reduced as the magnitude of genetic
distance increased (Fig. 1) among taxa. The frequency of
G 7 C transversions was particularly underrepresented
within Clade D (75/5624, or 1.3% of all transversions) and
between clades C and D (1.0%). If all transversions were
equally likely, the expected frequency of G 7 C substi-
tutions would be 25%, so that the amount of bias
observed is severe. Bias against G 7 C substitutions
was reduced between clades D and B (7.3% of all trans-
versions) and nearly eliminated when Clade D was com-
pared to the more distant Clade A (19.0%). The proportion
of A 7 C transversions (45%) was upwardly biased
within Clade D. In contrast, between clades D and A the
proportion of A 7 C transversions was 27%, a value
nearly equal to that expected by chance.
Variation between isolates derived from a known
common source
Several isolates examined in this study were derived
from common sources and maintained separately for a
number of years at different locations. The Type isolate
was originally recovered in 1932 from an infected wheat
plant in Saline County, KS by H. H. McKinney (McKinney,
1937). Upon McKinney’s retirement, the Type isolate was
maintained by M. K. Brakke at Lincoln, NE (Brakke, 1958)
for over three decades before being transferred to our
stewardship at Lincoln, NE in 1989. Prior to 1971, Brakke
deposited a sample of the Type isolate with the Ameri-
can Type Culture Collection (ATCC), where it was desig-
nated as PV57 (Brakke, 1971). PV57 was later obtained by
us in 1987 from ATCC and maintained since then at Hays,
KS. Sidney 81 was isolated in 1981 from an infected
wheat plant in western Nebraska by Brakke (Brakke et
al., 1990) and maintained at Lincoln, NE by Brakke, and
later by us at the same location. In 1990, a sample of
Sidney 81 was sent to Hays, KS and maintained sepa-
rately. The Hays culture of Sidney 81 is designated in this
article as isolate S81D. Note that each of these subiso-
lates have not undergone continuous propagation. In-
stead, much of the time following physical separation
was spent in storage as desiccated or frozen tissue such
that each was passaged a limited number of times.
The consensus sequences of Type and PV57 differ by
three nts (0.2%) over the 1267-nt region examined. Sim-
ilarly, the Sidney 81 and S81D consensus sequences
differ by 6 nts (0.5%). In both cases, subisolates derived
from a common source clustered together in the same
subclade (Fig. 1). Genotypic variants resident in the Type
and Sidney 81 cultures have been biologically separated
by limiting dilution inoculation, and the resulting subiso-
lates display novel consensus sequences that differed
by at least 1 nt from the parental consensus sequence
(Hall et al., 2001b). Furthermore, a limiting dilution sub-
isolate of Sidney 81 subjected to nine serial passages
resulted in changes (1–5 nts/genome) in consensus se-
quences for each of nine lineages examined (Hall et al.,
2001b). Thus, minor differences in consensus sequence
TABLE 2
Comparison of Polymorphism within Nested Clades
of Wheat streak mosaic virus
Cladea
Maximum %
ntb divergence
(pairwise)
Nt sites
comparedc
Invariant nt
sites
Variable nt
sites
D 3.6 1267 (100%) 995 (78.6%) 272 (21.4%)
C, D 8.5 1267 (100%) 958 (75.6%) 309 (24.4%)
B, C, D 10.1 1267 (100%) 920 (72.6%) 347 (27.4%)
A, B, C, D 20.6 1267 (100%) 835 (65.9%) 432 (34.1%)
A, B, C, D
ONMV-Ppd 28.7 1267 (100%) 720 (56.8%) 547 (43.2%)
a Clade A, isolate El Bata´n 3; Clade B, isolates CZ, HU, and R; Clade
C, isolate I; Clade D, 50 U.S. (51 sequences), 1 Canadian, and 2 Turkish
isolates.
b nt, nucleotide.
c Gaps treated as missing data and not considered evidence of a
variable site.
d ONMV-Pp, An isolate of Oat necrotic mottle virus from Poa praten-
sis.
FIG. 4. Allele size class distribution of polymorphism inWheat streak
mosaic virus Clade D (51 U.S. sequences, 1 Canadian sequence, and
2 Turkish sequences). Presented is a histogram in which the number of
polymorphic sites (frequency) is plotted as a function of the number of
consensus sequences in which a specific nucleotide substitution ap-
pears (allele size class).
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among Type and PV57 or Sidney 81 and S81D are not
unexpected nor of unusual magnitude.
Two sources of the WSMV isolate PV106 were exam-
ined in this study. PV106H represents the PV106 isolate
obtained directly from ATCC in 1987. PV106JM represents
a culture of PV106 obtained in 1993 from a research
group at Oklahoma State University. Unlike the two pairs
of subisolates described above, the 1267-nt consensus
sequences determined by us for PV106H and PV106JM
differed substantially (1.9%, 24 nts). In contrast, PV106H
varied from PV57 by only a single nt (0.1%) and the
sequences of PV106H or PV106JM did not correspond to
a PV106 partial sequence (870 nts, GenBank Accession
No. U54569) determined by the Oklahoma group
(Chenault et al., 1996). In the case of PV91, we obtained
our culture (designated as PV91H) from ATCC in 1987
and find it to be most closely related to the Sidney 81
sequence (0.2% divergence, 3 nts). The sequence of
PV91H differs considerably (2.9%, 25/870 nts) from the
partial sequence of PV91 (GenBank Accession No.
U54568) determined by Chenault et al. (1996). In our
hands, only those isolates clustering in subclade D2,
including PV106H, reacted with MAb 33-A1 (Fig. 2 and
data not shown). The remaining isolates tested by us,
including PV106JM and PV91H, did not react with MAb
33A-1 and did not cluster in subclade D2. Montana et al.
(1996) reported that PV91 reacted with MAb 33A-1,
whereas PV106 did not. However, the PV91 U54568 par-
tial sequence also clusters with subclade D2 genotypes,
whereas the PV106 U54569 partial sequence does not
(data not shown), such that there is consistency among
laboratories in that only subclade D2 sequences encode
the epitope recognized by MAb 33A-1. Although the ped-
igrees of both PV106 and PV91 (and their purported
derivatives) are suspect, the consensus sequences re-
ported here as PV106H, PV106JM, and PV91H do corre-
spond to extant isolates of WSMV bearing distinct nt
substitutions that legitimately were included in our anal-
ysis of sequence polymorphism.
DISCUSSION
Independent evolution of closely related lineages
results in extensive exploration of sequence space
High pairwise sequence identity among virus isolates
has been taken as evidence of low genetic diversity and
high genetic stability (Garcı´a-Arenal et al., 2001). We
demonstrate that even though  and the maximum pair-
wise nt divergence within a WSMV population are low,
the total number of polymorphic sites (proportional to )
is nonetheless substantial. The U.S. population of WSMV
consists of an assemblage of closely related, yet distinct,
isolates that collectively have explored the same amount
of sequence space as that which separates two isolates
representing divergent strains in which many more sub-
stitutions have accumulated. A previous study (Raben-
stein et al., 2002) examined sequence diversity among a
collection of nine isolates of WSMV from four distinct
worldwide locations. Diversity measures  (0.106/nt) and
 (0.105/nt) were concordant for that set of sequences. If
Clade D had a single progenitor, both  and  would
have been begun at zero. Since then, both parameters
increased with  reaching about half (0.047/nt) that of the
geographically more diverse collection while  (0.020/nt)
is only one-fifth as high. This is because a substantial
portion of variable sites observed in Clade D were of
allele size class 1 and these unique substitutions were
distributed throughout Clade D taxa. Thus, each isolate
has evolved independently, as expected when mecha-
nisms of genetic isolation (Hall et al., 2001a) are in play
such that the outcome in any given lineage is not pre-
determined. That 10 of 13 polymorphic sites detected
(within the same 1267-nt sequence) in Sidney 81 sub-
jected to limiting dilution inoculation and/or serial pas-
sage (Hall et al., 2001b) were at sites not exhibiting
polymorphism in the Clade D data set reported here
further suggests that variation within Clade D has yet to
reach saturation.
McNeil et al. (1996) found that WSMV populations
separated by hundreds of miles were genetically similar.
TABLE 3
Frequenciesa of Specific Nucleotide Substitutions within Clade D and between Clade D and Clades A, B, or Cb of Wheat streak mosaic virus
Substitution
Transitions (ts) Transversions (tv)
ts/tvcA 7 G C 7 U A 7 C A 7 U C 7 G G 7 U
Within clade D 13654 13399 2558 1476 75 1515 4.8
Between clades D and C 2058 2349 324 231 9 329 4.9
Between clades D and B 7227 7707 1003 1474 301 1367 3.6
Between clades D and A 5001 3192 1397 1634 982 1166 1.6
a Frequency, ¥ of substitutions appearing in all possible two-way sequence comparisons.
b Clade A, isolate El Bata´n 3; clade B, isolates CZ, HU, and R; clade C, isolate I; clade D, 50 U.S. (51 sequences), 1 Canadian, and 2 Turkish isolates.
c Ratio of transitions (ts) to transversions (tv).
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The present data further suggest that there is little bio-
geographic differentiation within the U.S. population,
with the possible exception of subclades D1 (found only
in the Pacific Northwest) and D2 (restricted to the central
Great Plains, with the dubious pedigrees of OSU and
PV106 notwithstanding). This general lack of structure in
the U.S. population implies that considerable gene flow
occurs and that individual genotypes may be dispersed
over long distances. For example, three closely related
subclade D3 isolates (H95S, MO00, and WO93) that
lacked a single codon were recovered from different
states (Kansas, Missouri, and Ohio). The simplest expla-
nation is that a deletion event occurred once in a com-
mon ancestor followed by the establishment and long-
distance migration of derived lineages, with each accu-
mulating additional substitutions independently.
Although the overall pattern of nt substitutions was
random, two deviations from randomness were observed
when the sequences were analyzed at the codon level.
There was a strong bias for third-base position substitu-
tions within codons, and nonsynonymous codons exhib-
ited a clumped distribution. These observations suggest
that selection at the level of amino acid sequence is
stronger than at the level of RNA sequence in the CP
cistron. Because the vast majority of consensus se-
quence substitutions were synonymous, many of these
are potentially neutral with respect to fitness. We note
that the WSMV CP cistron has a high level of polymor-
phism at synonymous sites, whereas the P3 cistron does
not (Choi et al., 2001). Choi et al. (2001) proposed that the
lack of synonymous substitutions in the WSMV P3 cis-
tron was due to a cryptic cis-acting RNA element, and we
have since demonstrated its existence experimentally
(unpublished data). While we cannot with certainty say
that any single synonymous substitution in the WSMV CP
cistron is neutral with respect to fitness, the presence of
such a large number of synonymous substitutions clearly
indicates that selective constraints on RNA sequence in
the CP cistron are greatly relaxed relative to another (and
linked) region of the WSMV genome. Thus, it is difficult to
dismiss fitness neutrality and Kimura’s theory of neutral
evolution (Kimura, 1983) as plausible explanations for
both the predominance and the abundance of synony-
mous substitutions in the WSMV CP cistron. This is not to
say that selection is unimportant, as selectionists and
neutralists both agree that changes at the phenotypic
level are influenced more by selection than mutation or
chance (Avers, 1989). Although much of the WSMV ge-
nome appears subject to strong negative selection (Choi
et al., 2001) and recalcitrant to change, a substantial
number of sites clearly tolerate substitutions which can
rise to prominence as the consensus sequence of an
isolate.
Under constant selective pressures there should be a
finite number of possible neutral substitutions. The pro-
portion of variable sites within all clades of WSMV
(34.1%) may be near saturation for the species, as the
proportion of variable sites for ONMV-Pp and all WSMV
taxa was 43.2% (Table 2). Although substitutions at other
sites are assuredly generated by polymerase error, many
are likely to be deleterious and thus subject to negative
selection. Genetic drift is a random process that can
result in a less fit genotype rising to prominence as the
consensus sequence of a lineage. However, because
drift within a lineage and competition between lineages
operate concurrently, selection would tend to remove
deleterious genotypes from the field population such that
less fit lineages are transient, and therefore, rarely sam-
pled. While it also is possible that some mutations may
result in a genotype with increased fitness, positive se-
lection should result in fixation (a selective sweep) with
a concomitant restriction of diversity, such that the site(s)
subjected to directional selection appears invariant in a
population sampled “after the fact.” That the bulk of vari-
ation among consensus sequences are at synonymous
sites and potentially neutral with respect to fitness im-
plies that the observed diversity within Clade D has
accumulated under conditions in which differential se-
lection has not been the dominant evolutionary force.
Expected distributions of allele frequencies may be
calculated for strictly neutral populations (Tajima, 1989a),
for models allowing population growth (Shen et al.,
2000), selection (either positive or negative) (Sawyer,
1997), and pseudohitchhiking (Gillespie, 2000). Growth,
negative selection, and pseudohitchhiking can all distort
the neutral allele size class spectrum so that rare sites
are overrepresented. However, in each of these models,
there is a concomitant decrease in the proportion of sites
occurring at intermediate frequencies. Estimates of best
fitting parameter values, given the observed data (Fig. 4),
were obtained for the three models (Sawyer, 1997; Shen
et al., 2000; Gillespie, 2000) by maximum likelihood. In
every instance, the proportion of predicted singletons
was much lower than the observed value (data not
shown). A similar skewed distribution was observed for
WSMV variants within single isolates after passage in
the laboratory (Hall et al., 2001b). A possible explanation
is that error-prone viral replication continually populates
allele size class 1 with new mutations unique to individ-
ual plants (or samples). This would result in a hybrid
distribution: a Poisson distribution resulting from private
alleles accumulating in each of the tree branch tips in
Fig. 1, and a second distribution resulting from a combi-
nation of genealogy and population history of the sam-
ple. This is exactly the same sort of distribution seen with
variants resident in a single WSMV isolate (Hall et al.,
2001b), and such a distribution would be expected to
extend to a population of many isolates if the primary
means by which new mutations rise to prominence as
the consensus sequence of a lineage is driven largely by
stochastic processes. In many respects, we find that the
population structure of WSMV may be explained using
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the same principles of population genetics applied to
cellular organisms, consistent with the arguments of
Moya et al. (2000) and Holmes and Moya (2002), rather
than the deterministic quasispecies hypothesis (Do-
mingo, 2002).
A strong bias in the composition of substitutions
implies certain replication errors are more common
than others
Nt substitutions originate by misincorporation during
replication. Bias in this process would be expected to
leave an imprint in the frequency of specific substitutions
that should be more discernible among recently sepa-
rated lineages, in which sequential substitutions at the
same polymorphic site are likely rare, relative to more
divergent lineages. For example, although transitions
were more common than transversions, the ts/tv ratio
decreased as more divergent clades were compared
(Table 3). Interestingly, a similar range of ts/tv ratios were
obtained when the entire genomes of Sidney 81, Type,
and El Bata´n 3 were compared (Choi et al., 2001), sug-
gesting that factors affecting the substitution process are
relatively uniform across the viral genome. That the level
of G 7 C substitutions within Clade D was much re-
duced (1% vs an expected unbiased value of 25% of all
transversions) implies that G 7 C mutations are infre-
quent during WSMV replication. A selective bias against
G7 C transversions also is possible, but a mechanistic
explanation of such a bias is not obvious. Furthermore, it
is notable that G 7 C substitutions rise to 19% of all
transversions when the most divergent genome (El
Bata´n 3) is compared to Clade D, indicating that such
substitutions are, in fact, tolerated. It is probable that
most G 7 C changes between El Bata´n 3 and Clade D
were not due to single mutational events but arose by
sequential substitutions at the same sites (G 7 U 7 C
or G7 A7 C, for example). Nearly half of the transver-
sions in Clade D were A 7 C mutations. A reduction of
A 7 C mutations to 27% between clades A and D also
may reflect the accumulation of sequential substitutions
at the same sites over time. Thus, as more divergent
WSMV taxa were compared, both the extent (number of
sites) and the intensity (number of sequential substitu-
tions) of sequence space explored increased.
Estimation of evolution rate and time required to
generate diversity in the U.S. population of WSMV
The structure of the phylogram (Fig. 1) indicates that
the U.S. population (essentially Clade D) is monophyletic
and derived from a single common ancestor (the progen-
itor genotype of Clade D). Each WSMV isolate examined
is a distinct lineage with a unique evolutionary history.
Furthermore, each isolate represents the endpoint of
unbroken hereditary threads in which serial passage
from plant to plant to plant . . . trace back to and converge
upon the common ancestor of Clade D.
Because the U.S. population has not reached satura-
tion with respect to polymorphism (Tables 1 and 2), and
since the accumulation of changes in WSMV consensus
sequence during serial passage in the laboratory ap-
pears to be stepwise and linear (Hall et al., 2001b), a
rough estimate of evolution rate may be calculated. The
average rate of consensus sequence change among
nine lineages derived from a single limiting dilution sub-
isolate of WSMV-Sidney 81 and subjected to nine serial
passages was 0.355 nt/genome/passage (Hall et al.,
2001b). As the mean pairwise nt diversity among Clade D
consensus sequences was 2% (  0.020), each Clade
D genome differed from any other by an average of 188
nts (2% of 9384 nt  188 nt). Mean pairwise nt diversity
in Clade D may be accounted for by an average of 94
(188/2  94 for each individual of a pair) independent nt
substitutions per genome. Therefore, the observed vari-
ation in the WSMV U.S. population could have been
generated in 264 serial passages (94 nt/0.355 nt/pas-
sage) removed from the progenitor of Clade D.
To calculate evolution rate (substitutions/nt/year), an
estimate of the number of serial passages per year is
required. For WSMV in winter wheat, a conservative
estimate is three serial passages per year: one trans-
mission event in the fall after planting, a second in spring
after growth has resumed, and a third to an oversum-
mering host (often volunteer wheat) to survive between
harvest and planting of the next winter wheat crop. As-
suming three passages per year, diversity in the WSMV
U.S. population could have been generated in 88 years
(264 passages/three passages/year), yielding an aver-
age evolution rate of 1.1  104 substitutions/nt/year (94
substitutions/9384 nt/88 years) for the WSMV genome.
Thus, on average, the consensus sequence of a WSMV
lineage would accrue 1.2 nt substitutions/genome/year.
This does not mean that every WSMV lineage would
change at the same rate. If the bulk of substitutions
becoming fixed in a lineage occurs through stochastic
processes, then simply by chance some lineages would
accumulate a greater or fewer number of changes than
others, with variation in the rate of change among lin-
eages distributed around a mean value. For example, in
the serial passage experiment of Hall et al. (2001b), the
average rate of consensus sequence change for a lin-
eage was 0.355 nt/genome/passage, but ranged from
0.111 to 0.555 nt/genome/passage within individual lin-
eages. Critical assumptions used to estimate evolution
rate were (i) that the mean rate of consensus sequence
change per serial passage measured in the laboratory
(Hall et al., 2001b) reflects that of the natural viral popu-
lation in question; (ii) that a molecular clock applies and
remained constant during the history of the U.S. popula-
tion; and (iii) that few sequential substitutions have oc-
curred at any given polymorphic site.
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One implication of the above calculations is that the
WSMV U.S. population may have been subjected to a
severe restriction of genetic diversity approximately a
century ago. The topology of the phylogram (Fig. 1) and
the disparity between  and  for Clade D further sug-
gest a history of restriction in genetic diversity of the U.S.
population, followed by divergence and an increase in
genetic diversity. It is noteworthy that the establishment
of wheat monoculture in North America also occurred
about a century ago and that WSMV in America was first
documented in the early 1920s in wheat grown in Kansas
(McKinney, 1937). Thus, ingress of WSMV into wheat
monoculture in the American Great Plains during the late
19th or early 20th century may represent the key event in
which restriction of genetic diversity in the virus popula-
tion occurred. If WSMV was introduced to temperate
North America following establishment of wheat
monoculture, the event restricting genetic diversity may
be explained as a founder effect in which a new virus
population was established in a new host population by
introduction of an exotic virus. Alternatively, systematic
destruction of native grasslands by the steel plow and
the development of intensive agriculture dominated by
wheat monoculture may have subjected a preexisting
WSMV population to a genetic bottleneck or a selective
sweep such that most, if not all, variation resident in the
ancestral U.S. population was eliminated. It is intriguing
that these plausible population histories, brief with re-
spect to evolutionary time, roughly coincide with popu-
lation age predicted by the estimated evolution rate and
implicate humans as significant factors affecting plant
virus population structure. A corollary to this hypothesis
is that limited pairwise nt diversity often associated with
plant virus populations of crop species may be a conse-
quence of sampling young populations in the process of
recovering from a recent episode of diversity restriction
that very well may have been initiated by ecological
perturbations triggered by human activities. Estimating
time back to the most recent common ancestor for any
set of nt sequences is subject to statistical difficulties
resulting in broad confidence intervals (e.g., Fu and Li,
1999). Nonetheless, substantial deviation from the pa-
rameter values employed here would be necessary to
achieve a population age measured on a geologic, rather
than anthropomorphic, time scale.
MATERIALS AND METHODS
Reverse transcription–polymerase chain reaction (RT-
PCR) amplification of WSMV isolates
WSMV isolates used in this study are listed in Table 4.
Isolates were propagated by mechanical inoculation of
7- to 10-day-old wheat (Triticum aestivum L., cultivar
“Tomahawk”) seedlings. Several grams of systemically
infected wheat leaves were harvested for each isolate at
14–21 days postinoculation and total nucleic acids were
extracted (McNeil et al., 1996). Complementary DNA was
synthesized by RT using the primer RCF1 (5-AGCTG-
GATCCTTTTTTTTTTTTTTT-3) (McNeil et al., 1996). An
1267-nt fragment was amplified by PCR using the prim-
ers XV1 (5-GATTCCGTTGAAGGATTTGTAACTT-3) and
XC1 (5-AACCCACACATAGCTACCAAG-3) (Hall et al.,
2001a). The PCR amplified products correspond to
WSMV-Sidney 81 nts 8105–9371 (Stenger et al., 1998),
encompassing the entire CP cistron (nts 8189–9238)
flanked upstream by the nuclear inclusion b cistron and
downstream by 3-UTR sequences.
Immunoblotting
Viral proteins were extracted from infected leaf sam-
ples using the minipurification method (Lane, 1986). Pro-
teins were separated by electrophoresis in sodium do-
decyl sulfate–polyacrylamide gels (Laemmli, 1970) using
conditions described previously (Seifers et al., 1996).
Separated proteins were transferred to nitrocellulose
membranes as described (Seifers et al., 1995). Polyclonal
antibodies raised against WSMV-S81D (Seifers, 1992)
were detected with alkaline phosphatase goat anti-rabbit
conjugate (Fisher Scientific). MAb 33A-1 raised against
the WSMV-OSU isolate (Montana et al., 1996) was de-
tected using goat anti-mouse conjugate (Sigma Chemi-
cal Co., St Louis, MO). Immunoblots were developed as
described (Bollig and Edelstein, 1991). Negative controls
consisted of extracts prepared from healthy wheat leaf
samples processed in the same manner as infected
plant samples.
Cloning and sequencing
Nine WSMV isolates (Sidney 81, Type, El Bata´n 3, TK1,
TK2, CZ, HU, R, and I) have been sequenced previously
(Choi et al., 2001; Rabenstein et al., 2002; Stenger et al.,
1998). PCR products of the remaining isolates listed in
Table 4 were ligated to pGEM-T (Promega, Madison, WI)
and the ligation products transformed into Escherichia
coli DH5. For each cloned PCR product, 6 to 12 recom-
binant plasmids bearing inserts of the expected size
were digested with SacI, as SacI sites are known to vary
between isolates of WSMV (Hall et al., 2001a). Differ-
ences in SacI digestion patterns among clones of a
single isolate, that could not be explained by insert
orientation, were considered evidence of a mixed infec-
tion. Only one isolate (MO99) was identified as bearing a
mixed infection by this procedure. The inserts of three
plasmids per cloned PCR product (or six plasmids for
MO99) were completely sequenced on both strands us-
ing universal and custom primers. All sequencing was
performed by the Iowa State University DNA Sequencing
Facility (Ames, IA). The complete sequence of each
cloned insert was compiled using Sequencher 4.1 (Gene
Codes, Ann Arbor, MI). A consensus sequence for each
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TABLE 4
Wheat streak mosaic virus (WSMV) Isolates Examined for Sequence Polymorphism
Isolate Geographic origin Host isolated from Year of isolation GenBank Accession No.
Type Kansas Wheat 1932 AF285169
PV57a Kansas Wheat 1932 AF511595
Sidney 81 Nebraska Wheat 1981 AF057533
S81Db Nebraska Wheat 1981 AF511596
El Bata´n 3 Mexico Wheat 1996 AF285170
TK1 Turkey Wheat 1999 AF454455
TK2 Turkey Wheat 1999 AF454457
CZ Czech Republic Wheat 1999 AF454454
HU Hungary Wheat 1999 AF454456
R Russia Wheat unknown AF454459
I Iran Wheat 1986 AF454458
BT95 Kansas Wheat 1995 AF511597
CK93 Kansas Wheat 1993 AF511598
CL93 Kansas Wheat 1993 AF511599
CM93 Kansas Wheat 1993 AF511600
CO85 Colorado Wheat 1985 AF511601
CO87 Colorado Wheat 1987 AF511602
EW95 Kansas Wheat 1995 AF511603
FO93 Kansas Wheat 1993 AF511604
GH95 Kansas Wheat 1995 AF511605
GO93 Kansas Wheat 1993 AF511606
GY93 Kansas Maize 1993 AF511607
H81 Kansas Wheat 1981 AF511608
H88 Kansas Wheat 1988 AF511609
H94PM Kansas Pennisetum glaucum 1994 AF511610
H94S Kansas Sorghum 1994 AF511611
H94USDA Kansas Sorghum 1994 AF511612
H95LB Kansas Hordeum pusillum 1995 AF511613
H95S Kansas Sorghum 1995 AF511614
H98 Kansas Chloris virgata 1998 AF511615
HM93 Kansas Wheat 1993 AF511616
HV91 Kansas Wheat 1991 AF511617
ID96 Idaho Wheat 1996 AF511618
ID99 Idaho Maize 1999 AF511619
IHC Canada Wheat 1989 AF511620
KM93 Kansas Wheat 1993 AF511621
KY00 Kentucky Wheat 2000 AF511622
KY0074 Kentucky Wheat 2000 AF511623
KY0083SV Kentucky Wheat 2000 AF511624
LC95 Kansas Wheat 1995 AF511625
LG92 Kansas Wheat 1992 AF511626
MO99Ac Missouri Wheat 1999 AF511627
MO99Bc Missouri Wheat 1999 AF511628
MO00 Missouri Wheat 2000 AF511629
MON96 Montana Wheat 1996 AF511630
ND North Dakota Wheat 1969 AF511631
NE96 Nebraska Wheat 1996 AF511632
OK98 Oklahoma Wheat 1998 AF511633
OSU unknown unknown unknown AF511634
PL95 Kansas Wheat 1995 AF511635
PN95 Kansas Wheat 1995 AF511636
PV106Hd Ohio Maize 1964 AF511637
PV106JMd Ohio Maize 1964 AF511638
PV91He Kansas Wheat 1949 AF511639
RO95 Kansas Wheat 1995 AF511640
SD96 South Dakota Wheat 1996 AF511641
TX96 Texas Wheat 1996 AF511642
WA99 Washington Maize 1999 AF511643
WO93 Ohio Maize 1993 AF511644
a Isolate PV57 derived from the Type isolate and maintained separately for 30 years in discontinuous propagation.
b Isolate S81D derived from the Sidney 81 isolate and maintained separately for 10 years in discontinous propagation.
c Isolate MO99 determined to be a mixture of two WSMV genotypes designated as MO99A and MO99B.
d PV106JM and PV106H purported to be derived from the same isolate (PV106) and maintained separately since 1987.
e PV91H represents the Hays, KS culture of PV91.
isolate (or two for MO99) based on the sequence of three
clones was generated using Sequencher 4.1.
Sequence analyses
Consensus sequences for all WSMV isolates (Table 4)
and the related tritimovirus species ONMV-Pp (Raben-
stein et al., 2002) were aligned using CLUSTAL X
(Thompson et al., 1997). Additional alignments, based on
various subsets of WSMV taxa, also were prepared using
CLUSTAL X. When necessary, gaps were adjusted to
occur between but not within codons. A genetic distance
matrix was generated using MEGA 2.1 (Kumar et al.,
2001), with the output used to calculate both individual
pairwise diversity and mean pairwise diversity (). A
neighbor-joining phylogram based on 1000 bootstrap
replicates was constructed with MEGA 2.1. Nodes bear-
ing 70% bootstrap support were collapsed to polyto-
mies. ONMV-Pp was used as the outgroup to root the
phylogram.
Polymorphism within and between taxa were evalu-
ated with respect to synonymous, nonsynonymous, and
noncoding substitutions, nt position within codons, allele
size class, and transitions/transversions. Nt substitution
types among all pairwise combinations of sequences
were tabulated using the computer program DAMBE (Xia
and Xie, 2001). Bias in substitutions, as a function of nt
position within codons, was evaluated by chi-square
tests (Zar, 1970). To determine whether substitution dis-
tributions were random with respect to genome position,
nonparametric one-way runs tests were performed (Zar,
1970). For each distribution examined, rejection of the
null hypothesis indicated that the distribution was not
random.
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